Ampicillin-resistant Enterococcus faecium (ARE) and vancomycin-resistant E. faecium (VRE) are important nosocomial pathogens. We quantified effects of probiotics and antibiotics on intestinal acquisition of ARE colonization in patients hospitalized in two non-intensive care unit (non-ICU) wards with high ARE prevalence. In a prospective cohort study with crossover design, all patients with a length of stay of >48 h were offered a multispecies probiotic product twice daily until discharge (4.5 months, intervention period) or not (4.5 months, control period). Perianal ARE carriage was determined <48 h after admission, twice weekly, and <48 h before discharge. The first isolates were genotyped by multiple-locus variable-number tandem repeat analysis (MLVA). Risk factors for acquisition were determined by Cox proportional hazards modeling, with special emphasis on ecological postantibiotic effects and delays between actual acquisition and culture positivity. 
Enterococci have emerged from a commensal of the digestive tract to the third most common nosocomial pathogen in U.S. hospitals (13) . Acquired antibiotic resistance seriously limits therapeutic options when infections occur (19) . In the United States, ampicillin-resistant Enterococcus faecium (ARE) emerged as a nosocomial pathogen in the 1980s, and the nationwide epidemic of vancomycin-resistant E. faecium (VRE) followed in the 1990s (7, 19) . Nowadays, VRE nosocomial outbreaks have been encountered on all continents (16) . In the University Medical Center Utrecht (UMCU), the proportion of ARE infections among all enterococcal infections increased from 2% in 1994 to 50% in 2008, with the prevalence of intestinal carriage being as high as 50% in several wards, mimicking VRE epidemiology in U.S. hospitals (4, 24) .
Molecular epidemiological analyses revealed the existence of a polyclonal subpopulation of E. faecium responsible for the majority of nosocomial infections and hospital outbreaks worldwide. These so-called hospital-acquired E. faecium clones, previously designated clonal complex 17, are characterized by ampicillin and ciprofloxacin resistance and are enriched with Ͼ100 specific genes, including genes encoding antibiotic resistance and (putative) virulence factors (16, 17) .
In humans, intestinal colonization with hospital-acquired bacteria, such as E. faecium, is thought to be facilitated by disruption of the commensal microbiota of the gastrointestinal tract, which is assumed to protect against overgrowth with opportunistic pathogens. Antibiotics are considered the key factor in this process (4, 9, 24) . Other important variables for acquisition of enterococci include colonization pressure, environmental contamination, and length of stay (3, 11) . It has been hypothesized that probiotics help to maintain the integrity of the intestinal flora and that they augment restoration of integrity after disruption, for instance in patients with antibiotic-induced diarrhea (8, 12) . In one study, probiotics were associated with increased clearance of intestinal colonization with VRE (18) . Yet, the role of probiotics in preventing the spread of multiresistant bacteria has not been elucidated.
In this study we aimed to quantify the effects of probiotics and antibiotics on acquisition of ARE colonization in patients admitted to two non-intensive care unit (non-ICU) hospital wards with a previously documented, high prevalence of intestinal ARE carriage (4, 24) . As the effects of probiotics and antibiotics will not occur (or disappear) instantaneously after administration (or discontinuation) and since carriage will not be detectable immediately after acquisition, we explicitly addressed the potential delays in these events through timedependent sensitivity analyses.
MATERIALS AND METHODS

Setting.
The study was executed in two non-ICU wards with documented high prevalences of intestinal ARE colonization: the gastroenterology/nephrology ward (24 beds) and geriatric ward (15 beds) (4) . The UMCU is a tertiary care center with 1,042 beds.
Design. We undertook a prospective cohort study with a crossover design to study the effects of probiotics on acquisition of ARE colonization, both on a patient level as well as on a ward level. The latter is relevant, as the chance for an individual patient to acquire ARE colonization depends on the number of other colonized patients present in the ward (i.e., colonization pressure) (3) . As a consequence, modulation of the risk of acquisition in one patient will also influence the risk of acquisition in other patients: it will induce a so-called ecologic effect. There were no changes in hygiene and infection prevention policies or alterations in antibiotic policies and practices in antibiotic use throughout the study.
Patients. During 267 days between May 2007 and January 2008 (gastroenterology/nephrology ward) and 295 days between June 2007 and March 2008 (geriatric ward), all patients with an expected length of stay (LOS) of Ͼ48 h were screened for ARE colonization by obtaining perianal swabs within 48 h after admission, within 48 h before discharge, and twice weekly. For both wards, the study consisted of two periods of 4.5 months: a control period without intervention and an intervention period in which all patients with an expected LOS of Ͼ48 h were offered probiotics twice daily during their entire stay on the wards. Dysphagia was the only exclusion criterion for taking probiotics.
Probiotics 9 CFU/g. This compilation of probiotics was specially selected according to documented in vitro inhibition of growth and biofilm formation in hospital-associated ARE (15) . Moreover, the strains in this product all harbored the intrinsic capacity to survive, in vitro, bile, digestive enzymes (pancreatin and pepsin), and a low pH (2.5), enabling them to survive passage of the first part of the digestive tract alive (14) . Antagonistic effects on the growth of the combination of probiotic strains in vitro were excluded. The susceptibility of the probiotic strains was known for ampicillin, ciprofloxacin, erythromycin, vancomycin, tetracycline, trimethoprim, cefotiam, and clindamycin. For vancomycin, ciprofloxacin, and cefotiam, 6 of 10 probiotic strains were susceptible, for tetracycline 7 of 10, for trimethoprim 8 of 10, for clindamycin 9 of 10, and for ampicillin and erythromycin 10 of 10. The same probiotic mixture has been associated with enhanced recovery of the intestinal flora after amoxicillin use in healthy volunteers, without observation of side effects (14) . The multilocus sequence type (MLST) and virulence gene profile of the probiotic E. faecium strain (susceptible to amoxicillin) was genetically distinct from previously studied hospital-acquired E. faecium clones (16) . Before intake, nursing staff dissolved a sachet containing 5 g of the probiotic powder in 100 ml water. The dissolved probiotics were distributed twice daily during the morning and evening medication rounds. Intake was recorded on special study forms. Probiotics were given at least 2 h before or after oral antibiotics.
Ethics approval. As perianal screening for ARE (and VRE) carriage is part of the regular infection control surveillance policy in our hospital and probiotics were considered harmless food supplements, the Institutional Review Board waived the need for written informed consent. Only verbal consent was required.
Clinical trial registration. This trial was registered under ISRCT number ISRCTN58761709 in the Nederlands Trial Register (NTR).
Microbiology and genotyping. Perianal swabs were analyzed as described previously (4). Resistance to amoxicillin was confirmed by Rosco tablets (Rosco Diagnostics A/S, Taastrup, Denmark). From all patients colonized with ARE during admission, the first ARE isolate was genotyped using multiple-locus variable-number tandem repeat analysis (MLVA) as previously described (23).
Statistical analysis. Acquisition of ARE, among patients not colonized with ARE on admission, was the primary outcome. Acquisition was assumed to happen exactly between the last negative and the first positive swab. Patients who did not acquire ARE colonization were censored at discharge (when the last negative culture was obtained Ͻ48 h before) or 1 day after the last screening sample. Once colonized, patients were no longer considered at risk for acquisition.
The data were analyzed with a Cox proportional hazards model with the intervention, probiotics, incorporated as a dichotomous time-dependent covariate. In a second analysis this variable was replaced by study period (intervention or control) to study the ecologic effect of probiotics. The following variables were designated potential confounders: age and ward as time-constant covariates and colonization pressure, isolation, and use of antibiotics as time-dependent covariates. Colonization pressure was calculated per day for each patient at risk.
Colonization on admission was defined as ARE carriage documented Ͻ48 h after admission. If the first culture was taken Ͼ48 h after admission and yielded ARE, the patient was considered to be colonized from the midpoint between the day of admission and the first positive swab. There were no infection control measures for ARE during the study periods, and general hygiene and infection control policies did not change.
Antibiotics active in the intestinal compartment were distinguished into two groups, based on their effect (or lack of effect) on ARE (Table 1) (20) . Here, we considered piperacillin-tazobactam to be intestinally active against ARE, based on its ability to achieve high biliary concentrations in human bile exceeding the MICs for most multiresistant enterococci (5, 21) . A third antibiotic group was designed to account for an "ecological postantibiotic" effect of 3 days, as restoration of the indigenous flora takes time after antibiotic discontinuation. Sensitivity analyses were done with 0 and 5 days, and statistical interaction between antibiotics and probiotics was considered.
Allowing covariates to change in time might lead to biased estimates, as the relationship between determinants and outcome is longitudinal (6) . Moreover, there will be a delay between actual acquisition and reaching the detection limit of the culture method. Therefore, risks of acquisition (or, more correctly, of culture positivity) will be influenced by the values of covariates on 1 or more days before that time point. This was investigated by fitting a full model (with all covariates) to different values of lagged time (0 to 3 days) for the time-dependent covariates, which were compared using Akaike's information criterion (AIC; in this case the AIC is equivalent to the likelihood, as the numbers of parameters are similar in all models), and the model with the best fit was selected for further analyses (1). The Cox model was fitted with the survival and spline packages in R 2.8.0, using the Efron method for ties. We used AIC to determine the model with the best balance of parsimony and fit of the data (i.e., the model with the lowest AIC value). The proportional hazards assumption was assessed by formal tests and graphically, using scaled Schoenfeld residuals.
In a sample size calculation we determined that, assuming equal proportions of patients in both the probiotic and control groups, at least 66 acquisitions were required to detect a hazard ratio (HR) of 0.5 at a 5% significance level (two sided) with a power of 80% (22) . Based on previous admission data (on average 850 and 250 admissions per year with a length of stay of Ͼ48 h on the gastroenterology/nephrology and hematology wards, respectively), an assumed inclusion rate of 70%, and a formerly documented acquisition rate of 15%, we set the length of the study to at least two times 3.5 months (4).
RESULTS AND DISCUSSION
Patient characteristics and acquisition rates. During the study, 971 and 273 patients, of whom 598 and 228 had a length of stay of Ͼ48 h, were admitted to the gastroenterology/nephrology and geriatric wards, respectively. Colonization status on admission was determined for 383 (64%) and 147 (64%) of all patients with a length of stay of Ͼ48 h, and daily colonization status was, on average, known for 71% of the patients in both wards. In all, 2,087 cultures were obtained. Based on length of stay, there was no reason to assume that patients with an admission swab taken (n ϭ 530; median length of stay [interquartile range {IQR}], 8 [8. 25]) were different from those without (n ϭ 296; median length of stay [IQR], 7 [7] ). Ninety-four (18%) of 530 patients were colonized with ARE on admission, leaving 436 patients at risk for acquisition. From 62 (14%) of the patients at risk, no discharge swab was taken. Of the 436 patients at risk, 110 (25%) used probiotics during, on average, 58% (range of 10 to 100%) of their days at risk. Eighty-one percent of the users started with probiotics within 4 days after admission, and 83% stopped taking probiotics in the last 48 h before the end of follow-up (e.g., discharge, acquisition, or last culture). Intake of probiotics was interrupted for 15 patients for, in total, 26 days (1 to 6 days per patient). Acquisition of ARE colonization occurred in 92 (21%) patients at risk: in 28 (25%) of 110 patients taking probiotics and in 64 (20%) of 326 control patients ( 2 test, P ϭ 0.325). Incidence densities were 27.0 and 20.4 per 1,000 patient days at risk in the probiotic and control groups, respectively. Besides normal fluctuations in both the number of colonized patients and the total number of patients, no structural changes in the ARE prevalence between periods were noted (Fig. 1) . In total, 661 ARE strains were isolated from the 186 patients that were colonized during admission, of which all 186 first isolates were genotyped using MLVA. In both wards two MLVA types (MTs) were found most frequently among patients colonized on admission: MT1 in 24% and 23% and MT159 in 56% and 52% of the colonized admissions in the control periods and intervention periods, respectively. MT159 was responsible for 71% (n ϭ 35) and for 79% (n ϭ 34) of ARE acquisitions in the control and intervention periods, respectively, whereas only 10% and 5% of acquisitions in these periods were with MT1. Therefore, cross-transmission between patients appeared to be responsible for Ͼ80% of ARE acquisitions. Based on their MLVA profiles, all these strains belonged to the known circulating nosocomial reservoir of E. faecium and were genetically different from the probiotic E. faecium strain.
Risk factors for acquisition. Patient characteristics are listed in Table 2 . First, a Cox proportional hazards model was fitted for different values of lagged time (0, 1, 2, and 3 days between actual acquisition and culture positivity) and identified a delay of 1 day as the best fit. Therefore, this delay has been used for all time-dependent covariates in further analyses. This means that the value of a time-dependent covariate on a certain day, for example, the use of antibiotics, influences the chance of a positive culture result on the day after.
The hazard ratio for probiotics for ARE acquisition was 1.43 (95% CI, 0.88 to 2.34) (P ϭ 0.15) in the crude (unadjusted) Cox proportional model. A model with, besides probiotics, age and antibiotics as covariates had the best fit, based on the AIC. Yet, after adjustment for potential confounders, the HR for probiotics remained 1.43 (95% CI, 0.87 to 2.35; P ϭ 0.16) ( Table 3) . Interaction between probiotics and the different categories of antibiotics were not statistically significant. Acquisition of ARE was associated with the use of antibiotics to which ARE is resistant (HR, 7.73 [95% CI, 4.52 to 13.22]; P Ͻ 0.001) and an ecological postantibiotic effect during the 3 days after discontinuation of antibiotic treatment (HR, 7.11 [95% CI, 3.10 to 16.30]; P Ͻ 0.001), whereas a trend was seen for increasing age (HR, 1.01 [95% CI, 0.99 to 1.02]; P ϭ 0.06) ( Table 3) .
Sensitivity analyses for the assumption that acquisition occurred exactly between the last negative and the first positive on September 9, 2017 by guest http://aac.asm.org/ swab did not change the results. Naturally, when the day of acquisition is changed, the value for the delay of the timedependent covariates might also change; this value will increase when the day of acquisition is moved forward and will decrease when the time at risk for acquisition is shortened. Therefore, we determined the value for the delay for different assumptions for acquisition data, before recalculating hazard ratios for probiotics. The hazard ratio of ARE acquisition for taking probiotics was 1.60 (95% CI, 0.98 to 2.60) (P ϭ 0.06) when acquisition was assumed to occur 1 day after the last negative swab (using a delay of 0 days for time-dependent covariates) and 1.35 (95% CI, 0.81 to 2.25) (P ϭ 0.26) when assuming acquisition occurred 1 day before the first positive culture (using a delay of 1 day). Likewise, discarding the 3-day ecological postantibiotic effect (HR for probiotics, 1.48 [95% CI, 0.91 to 2.43]; P ϭ 0.12) or extending it to 5 days (HR for probiotics, 1.51 [95% CI, 0.92 to 2.47]; P ϭ 0.11) did not alter conclusions. Although the assumption of an ecological postantibiotic effect of 3 days was based on common sense rather than on available evidence, these analyses support the presence of such an effect, as the model with an ecological postantibiotic effect of 3 days had the best fit based on the AIC.
Finally, we explored the possibility that probiotics need time to achieve a beneficial effect by ignoring the first 2 days of probiotic intake in all patients. Introduction of this threshold effect for probiotics did not change the interpretation of results (HR, 1.56 [95% CI, 0.90 to 2.69]; P ϭ 0.11).
In order to study a potential ecologic effect of probiotics, we replaced the determinant probiotics by study period. Again, a delay of 1 day provided the best fit of the time-dependent covariates. The model with the best balance between parsimony and fit was the one with only age and (all three categories of) antibiotics incorporated as covariates. The hazard ratio of ARE acquisition when admitted in the probiotic period was 1.31 (95% CI, 0.866 to 1.98).
Comments. In a setting with a high prevalence of intestinal carriage with multiresistant enterococci, daily intake of probiotics did not reduce ARE acquisition rates nor did it change the enterococcal ecology on a ward level. Exposure to antibiotics for which ARE is resistant, though, increased the hazard of acquisition, both during treatment and during (at least) the 3 days after their discontinuation.
We previously demonstrated that ARE epidemiology in our hospital closely mimics the epidemiology of VRE in American hospitals (4, 10) . Moreover, vancomycin is the only difference in antibiotic susceptibility between ARE and VRE. Since only one patient in our study received oral vancomycin (during a total of 5 days), we consider our findings on the effects of probiotics and antibiotics generalizable to settings where VRE, instead of ARE, is endemic.
The multispecies probiotic powder that was used in the present study was selected for its ability to inhibit in vitro growth and biofilm formation of hospital-acquired E. faecium, in combination with its capacity to reach the intestinal tract in active form (14) . Moreover, it contained an E. faecium strain to enhance competition with ARE for an intestinal niche. Although this strain is susceptible to ampicillin and, therefore, would not be identified in the selective microbial procedure used in our study, we confirmed with MLVA that all isolated ARE strains were genetically different from the probiotic E. faecium strain. In our setting, where both the intestinal flora and ingested probiotic strains are under high selective pressure of antibiotics, the hypothesized preventive effect could not be demonstrated. In another study, though, successful eradication of VRE colonization was reported for patients randomized to receive L. rhamnosus GG yogurt (n ϭ 14) instead of normal yogurt (n ϭ 13) during 3 weeks (18) . However, study size and absence of detailed information on baseline characteristics and antibiotic use call for prudence in interpretation. In general, probiotics are considered harmless food supplements, and the probiotic mixture evaluated in this study had been used with healthy volunteers without any side effects (14) . Despite the recently reported adverse events of probiotic administration via a nasojejunal tube in patients with severe acute pancreatitis, there was no evidence that probiotic use, given orally in addition to a normal diet, was unsafe in our population of patients who were not critically ill (2) .
Up until now, few studies have evaluated the usefulness of probiotics as a measure to control nosocomial spread of multiresistant pathogens. The strengths of our study include its size and the detailed microbiological analysis with extensive genotyping. However, our study also suffers from some limitations. Although all patients with a length of stay of Ͼ48 h were offered probiotics on a daily base, some refused. This might be related to the fact that intestinal colonization is asymptomatic and that, therefore, the potential benefits of probiotics remained intangible for patients. Nevertheless, with 92 acquisitions we still would have been able to demonstrate the effect at which we originally aimed. Moreover, it is unlikely that an increased sample size would have led to a positive effect of probiotics, as the estimate of the hazard points in the opposite direction. Yet, unwillingness to take probiotics, although not related to specific patient groups, introduces the risk of selection bias. This was reflected by some differences in baseline characteristics, for which we adjusted in multivariate analysis. Although we cannot rule out residual confounding, we expect it to have minimal impact, as we adjusted for most important risk factors (4, 9, 24) . Furthermore, since cultures were taken twice per week, the exact moment of ARE acquisition was not known and was therefore assumed to occur exactly between the last negative and first positive culture. Sensitivity analyses of the timing of acquisition, however, did not change conclusions. Finally, microbiological culture techniques are imperfect in detecting colonization immediately after acquisition, since time is needed to reach the detection limit of culture methods. This delay between actual acquisition and culture positivity will be important when estimating the effects of time-dependent risk factors. We, therefore, performed time-dependent sensitivity analyses to take this uncertainty about the exact time point of acquisition into account.
In conclusion, the results of this study indicate that there is no role for probiotics in the prevention of colonization with multiresistant enterococci, such as ARE and VRE, in nosocomial settings where they are endemic and selective antibiotic pressure is high.
